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Abstract We used hexahistidine-tagged SecE and SecY to 
study how the core subunits (SecY, SecE and SecG) of 
Escherichia coli protein translocase interact with each other. 
Detergent extracts were prepared from the plasma membranes 
and fractionated by Ni2+-NTA agarose affinity binding. 
Although His6-SecE, expressed in wild-type cells, brought down 
both SecY and SecG, neither of them was brought down when the 
same protein was expressed in the secY24 mutant cells. His6-
SecY brought down both SecE and SecG, as expected. 
Interestingly, His6-SecY24 was able to bring down SecG but 
not SecE. These results confirm our previous conclusion that the 
secY24 alteration impairs the SecY-SecE interaction, and 
demonstrate that SecY and SecG can form a complex that does 
not contain SecE. Likewise, SecY-SecE complex could be 
isolated from the secG-deleted strain. The trimeric complex, in 
detergent extracts, dissociated at a critical temperature between 
23 and 26°C, whereas the SecY-SecE complex without SecG 
dissociated at a slightly lower temperature (20-23°C). We 
conclude that each of SecE and SecG independently binds to 
SecY, the central subunit of protein translocase, although the 
trimeric complex is more stable than the binary complexes. 
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1. Introduction 
The core component of protein translocation machinery in 
the plasma membrane of Escherichia coli consists of three 
integral membrane proteins, SecY, SecE and SecG [1,2]. Sim-
ilar trimeric membrane protein complexes (Sec61 complexes) 
are also found in the endoplasmic reticulum membrane of 
yeast and mammalian cells [3]. One central question about 
these complexes is how these proteins interact with each other 
to constitute a transmembrane pathway for translocation of 
polypeptides. SecY, SecE and SecG of E. coli are multi-span-
ning membrane proteins with 10, 3 and 2 transmembrane seg-
ments, respectively [4-6]. Biochemical evidence for the Sec-
YEG trimeric complex includes Chromatographie co-elution 
of SecY, SecE and SecG after solubilization of the membrane 
with non-ionic detergents [7,8], and their co-immunoprecipi-
tation with appropriate antibodies [8,9]. Whenever SecY is 
synthesized over SecE in vivo, the excess fraction is rapidly 
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degraded by the FtsH proteolytic system, while the other 
fraction remains stable due presumably to the association 
with SecE [10-13]. SecY-SecE complex, once formed, does 
not seem to dissociate [9,11] (unlike an earlier proposal; 
[14]), whereas SecG interaction with the SecY-SecE complex 
may be more dynamic [9]. Indeed, SecG was shown to under-
go striking topology inversion [15], which presumably is 
coupled with the SecA insertion/deinsertion events [16]. 
Genetic evidence also suggests that SecY and SecE are in-
teracting functionally. 'Suppressor-directed inactivation' of 
SecY titrates out SecE, and synthetic lethal combinations of 
sec Y and secE mutations are known to exist [14,17]. A dom-
inant negative variant of SecY, SecY~d 1, is thought to seques-
ter SecE, since it is suppressible by overproduction of SecE 
[18]. It is also suppressible by intragenic suppressor mutations 
in cytoplasmic domain 4 (C4), suggesting that this domain of 
SecY is important for the SecY-SecE interaction [19]. Evi-
dence suggests that the secY24 amino acid substitution in 
C4 impairs the SecY-SecE interaction [19]. Importance of 
the second cytoplasmic segment (C2) of SecE for SecY-SecE 
interaction was suggested by mutational studies [20]. A bind-
ing between C2 of SecE and C4 of SecY may thus be sug-
gested. Specific interactions were also proposed between trans-
membrane segment 10 of SecY and transmembrane segment 3 
of SecE, as well as between periplasmic domain 1 of SecY and 
periplasmic domain 2 of SecE [21]. 
In contrast to the extensive information available for the 
SecY-SecE interaction, little is known about how SecG inter-
acts with the other subunits. Nishiyama et al. [22] suggested, 
based on the observation that overproduced SecG stabilized a 
C-terminal fragment of SecE, that SecG primarily interacts 
with SecE. On the other hand, Bost and Belin [23] reported 
genetic suppression of some mutations of secG by those of 
secY. In the present work, we exploited the hexahistidine tag-
ging technique [24] to study subunit interactions of protein 
translocase. Our results indicate that SecY serves as the cen-
tral subunit of the trimer, to which SecE and SecG independ-
ently bind. 
2. Materials and methods 
2.1. E. coli strains and plasmids 
AD202 was an ompTwkan [25] derivative of MC4100 [26] and 
AD206 additionally carried sec Y24, rspE and zhd-33: :Tn/0 mutations 
[27]. TYE280 was a recA cya derivative of AD202 into which F'lacfi 
lacZ~ Y+ had been introduced. THE494 was a AsecG: :kan [6] deriv-
ative of AD179 (MC4100, AompT) [25] and constructed by PI trans-
duction. The ompTmutation was necessary to avoid artificial cleavage 
of SecY after cell disruption and membrane solubilization [25]. 
Plasmid pTYE024, a pACYC184-based plasmid with chloramphe-
nicol resistance marker, carried hiss-secE under the lac promoter con-
trol. A 472 bp DNA fragment including the secE open reading frame 
with a 5' attachment of 5'AGGAAAAAAGCATGCATCACCAT-
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CACCATCA3' (an artificial SD sequence for the translation that 
initiates as Met-Hisg) was originally prepared by polymerase chain 
reaction, cloned into pBluescript SK(—), excised by Sad and HindlH 
and finally cloned into SacI and HindlH digested pSTV28 that had 
been subjected to EcoKI digestion, filling-in with Klenow DNA poly-
merase and ligation. pSTV28 was identical with pSTV29 [28] except 
that the multi-cloning site was inverted, and the EcoKI frame shifting 
was necessary to avoid an in-frame connection of His^-SecE to the N-
terminus of LacZ. pTYE017 was similar to pTYE024 except that the 
vector used was pUC118. 
pTYE067, a pBR322-based plasmid with ampicillin resistance 
marker, carried hisg-secY under the lac promoter control. A double 
stranded oligonucleotide with a sequence 5'GAATTCTCACCAT-
CACCATCACCATATCGAAGGTCGGGATCC3' was inserted be-
tween the EcoKI and BamHl sites of vector pTWV228 (obtained 
from Takara Shuzo) allowing an in-frame insertion of a Hise-Ile-
Glu-Gly-Arg sequence into the LacZ sequence corresponding to the 
multi-cloning region. This vector was named pTYE057. The sec Y 
open reading frame and the following vector region were amplified 
from pKY248 [11] using an upstream primer with a 5' extension of 
GGATCCG to the first nucleotide of sec Y and a down stream primer 
of a vector sequence. The product was digested with BamHI and 
cloned into pTYE057, yielding a plasmid named pTYE064, whose 
sequence was confirmed for the his^-secY 5' region. Any PCR error 
was eliminated by replacing the Smal-Xbal fragment of pTYE064 
with the corresponding fragment of pKY318 [11]. The His^-SecY 
protein encoded by the final product (pTYE067) contained an N-
terminal extension of Met-Ile-Thr-Asn-Ser-Hise-Ile-Glu-Gly-Arg-
Asp-Pro. It was necessary to use host cells carrying the lacfi mutation 
or medium containing glucose, to manipulate, propagate and main-
tain pTYE067, since His6-SecY overproduction was toxic. Plasmid 
pTYE083 was identical to pTYE067 except that it carried the 
secY24 mutation [27]. For its construction, a 833 bp StuI-EagI frag-
ment of pTYE067 was replaced by the corresponding fragment of 
pKY132 [19]. 
2.2. Media 
L medium contained 10 g of tryptone, 5 g of yeast extract, 5 g of 
NaCl and 1.7 mmol NaOH per liter. M9 medium [29] was supple-
mented with 2 μg/ml of thiamine, amino acids (20 μg/ml, other than 
Met and Cys) and either 0.4% glucose or 0.4% glycerol. Ampicillin (50 
μg/ml) and chloramphenicol (20 μg/ml) were included for growing 
plasmid-bearing strains, as required. 
2.3. Affinity isolation of the SecYEG complex 
Cells, in which an appropriate Hise-tagged protein was expressed 
from a plasmid, were treated with EDTA-lysozyme-sucrose [30], 
Spheroplasts thus formed were pelleted, resuspended in 50 mM 
HEPES-KOH (pH 7.0) containing 50 mM NaCl, 20% glycerol, 10 
mM ß-mercaptoethanol and 0.2 mM phenyl-methyl sulfonylfluoride, 
and disrupted by sonication. After removal of cell debris by low-speed 
centrifugation, supernatant was centrifuged (Beckman type 70.1TÍ ro-
tor, at 38 000 rpm for 1 h at 4°C) to obtain membrane pellets, which 
were then suspended in 50 mM HEPES-KOH (pH 8.0) containing 0.3 
M NaCl, 20% glycerol, 10 mM ß-mercaptoethanol and 0.2 mM phen-
yl-methyl sulfonylfluoride. The membrane suspension was then solu-
bilized by addition of Triton X-100 to a final concentration of 1% and 
incubation at 0°C for 30 min. After removal of insoluble materials by 
centrifugation (Hitachi RP100-AT4 rotor at 60000 rpm for 30 min at 
4°C), supernatant was applied to a Ni2+-NTA agarose spin column, 
which was washed 3X with 3 column vols. of the same buffer but 
containing 0.1% Triton X-100 and 10 mM imidazole by centrifuging 
at 800 rpm for 1 min at 4°C (Tomy MRX-150 microcentrifuge), and 
then eluted with 2 column vols. of 250 mM imidazole in the same 
buffer by centrifuging at 2000 rpm for 2 min at 4°C. Elution was 
repeated twice. Portions of fractions obtained were examined by 
SDS polyacrylamide gel electrophoresis (PAGE) and immunoblotting 
using anti-SecY [28], anti-SecE [10] and anti-SecG [6]. 
3. Results 
3.1. Hise-SecE and His6-SecY can be used to isolate SecYEG 
complex 
We constructed plasmids pTYE024 and pTYE067 that en-
Fig. 1. Co-isolation of SecY and SecG with His6-SecE. Plasmid 
pTYE024 (His6-SecE) was introduced into AD202 (A: secY
+ 
ompTwkan) and AD206 (B: secY24 ompTwkan), and transformante 
were grown at 30°C in M9-glycerol medium. Membrane fractions 
were solubilized with Triton X-100 and subjected to Ni2+-NTA 
agarose-affinity fractionation. Proteins in each fraction were sepa-
rated by SDS PAGE and SecE, SecY and SecG (as indicated) were 
stained immunologically. Lane 1, total membrane extract (amount 
used was 1/12 the other fractions); lanes 2-4, washate fractions; 
lanes 5-6, imidazole eluate fractions. 
coded His6-SecE and His6-SecY, respectively. In these con-
structions, a sequence including hexahistidine was attached 
to the N-terminus of each protein. pTYE024 complemented 
the cold sensitivity of the secE501 mutant [5], and pTYE067 
(without full induction) complemented the temperature sensi-
tive secY24 mutant [27] as well as several cold-sensitive sec Y 
mutants [31]. Thus, neither the SecE function nor the SecY 
function was interfered with by the attachment of the histidine 
tag. When HiSß-SecE is expressed, it will accumulate in the 
cell, and SecE-interacting components will bind either to the 
chromosomally encoded SecE molecules or to the His6-SecE 
molecules. Since SecY is unstable without association with 
SecE, Hisg-SecY is expected to enter the kinetic competition 
between degradation and association with SecE [10,11]. In 
binding to SecE, it should compete with the chromosomally 
encoded SecY molecules [18,19]. 
Membrane fractions were prepared, solubilized with Triton 
X-100 and passed through Ni2+-NTA agarose spin columns, 
which were washed and then eluted with the buffer containing 
imidazole. Each fraction was examined by SDS PAGE and 
immunoblotting for distribution of SecY, SecE and SecG. As 
shown in Fig. 1A (lanes 5-6), His6-SecE was eluted by imida-
zole along with SecY and SecG. Likewise, as shown in Fig. 
2A (lanes 6-7), elution of Hise-SecY was accompanied by co-
elution of SecE and SecG. None of SecY, SecE or SecG was 
eluted by imidazole without the expression of a His^-tagged 
protein (data not shown). These results show that SecY-SecE-
SecG complex can be isolated conveniently by attaching a 
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Fig. 2. Co-isolation of SecE and SecG with Hise-SecY. Plasmid 
pTYE067 (A: His6-SecY) or pTYE083 (B: His6-SecY24) was intro-
duced into strain TYE280, and transformants were grown at 30°C 
in L-glucose medium. After induction with 0.1 mM isopropyl ß-D-
thiogalactoside (IPTG) and 0.1 mM cAMP for 40 min, membrane 
fractions were prepared and solubilized with Triton X-100. Samples 
were subjected to Ni2+-NTA agarose-affinity fractionation and ana-
lyzed as described in the legend to Fig. 1. Lane 1, total membrane 
extract (amount used was 1/12 those used for lanes 3-7); lane 2, 
flow-through fraction (amount used was 1/5 those used for lanes 3-
7); lanes 3-5, washate fractions; lanes 6-7, imidazole eluate frac-
tions. 
His6 tag to either SecE or SecY and expressing the tagged 
protein in vivo. 
Immunoblotting using antibodies against other Sec factors 
failed to detect SecA, SecD or SecF in the eluate fractions 
(data not shown). Syd [28] was detected in the eluates from 
the HiSß-SecY or SecY24-containing samples, but not from 
the His6-SecE-containing samples (data not shown). It was 
previously suggested that Syd is peripherally associated with 
the membrane, possibly via SecY [28]. 
3.2. Use of the SecY24 variant for demonstration of a 
SecY-SecG interaction 
When His6-SecE was expressed in the secY24 mutant cells 
grown at 30°C (permissive temperature for this mutant), nei-
ther the altered SecY protein (SecY24) nor the SecG protein 
was co-eluted with it (Fig. IB). This is consistent with our 
previous conclusion that the secY24 mutation destabilizes 
the SecY-SecE complex [19]. The failure to obtain co-eluted 
SecG raises two possibilities: (1) the secY24 mutation some-
how interferes with SecE-SecG interaction; or (2) SecG is kept 
in the complex through its binding to SecY, rather than to 
SecE. To discriminate between these possibilities, we con-
structed a plasmid encoding Hise-SecY24 and expressed it in 
the wild-type cells. It was shown that His6-SecY24 brought 
down SecG but not SecE (Fig. 2B). Thus, the secY24 muta-
Fig. 3. SecY-SecE complex in the absence of SecG. Plasmid 
pTYE067 (Hise-SecY) was introduced into strain THE494 (AsecG 
AompT), and transformants were grown at 37°C in L-glucose me-
dium. Affinity isolation of His6-SecY and detection of co-isolated 
proteins were carried out as described in the legend to Fig. 2. 
tion selectively destabilizes the SecY-SecE interaction. Since 
SecY-SecG complex, without SecE, can be isolated, SecG in-
dependently binds to SecY. 
3.3. SecE binding to SecY is independent of SecG 
To examine whether SecY-SecE complex can be isolated in 
the absence of SecG, we introduced the plasmid encoding 
Hise-SecY into a strain deleted for secG [6]. SecE was eluted 
with His6-SecY (Fig. 3). Co-elution of SecY was also observed 
when His6-SecE was expressed in the same strain (data not 
shown). Thus, a SecY-SecE complex can be formed in the 
absence of SecG. 
3.4. Thermal instability of the complex in detergent extracts 
Brundage et al. [8] reported that the co-immunoprecipita-
tion of SecYEG complex was abolished when the detergent 
extract was incubated at temperatures of higher than ~ 20°C. 
We pre-incubated a detergent extract from the Hisg-SecE-con-
taining membrane at various temperatures and examined sub-
sequent co-elution of SecY and SecG with Hise-SecE. As 
shown in Fig. 4, co-elution of both proteins was observed 
when the extract was pre-incubated up to at 23°C, but not 
at 26°C or higher. These results indicate that the SecE-SecY 
association in the detergent-solubilized state can only persist 
at low temperatures, and there is a critical temperature, be-
tween 23 and 26°C, where the complex dissociates. To exam-
ine whether SecY-SecG association is also temperature-labile, 
similar experiment was carried out using His6-SecY. Co-elu-
Fig. 4. Thermal instability of the SecY-SecE association in deter-
gent-solubilized states. Cells of AD202 carrying pTYE024 (Hisg-
SecE) were grown at 37°C in M9-glycerol medium and a Triton X-
100 extract of membrane was pre-incubated at the temperatures in-
dicated for 30 min, which was then subjected to Ni2+-NTA agarose 
fractionation at 4°C. Only the first eluate fractions are shown. 
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tion of SecG with His6-SecY was also abolished at a temper-
ature between 23 and 26°C (Fig. 5). Thus, both the SecY-SecE 
interaction and the SecY-SecG interaction are labile at ambi-
ent temperatures. Temperature profiles of the SecY-SecE as-
sociation was affected somewhat by the presence or absence of 
SecG. In the absence of SecG, the SecY-SecE complex disso-
ciated by pre-incubation at 23°C (Fig. 6). Thus, the presence 
of SecG stabilizes the SecY-SecE association to a small extent 
(by ~ 3°C in terms of the critical dissociation temperature). 
4. Discussion 
The SecYEG trimeric complex in the detergent-solubilized 
state is unstable as manifested by its dissociation at a temper-
ature between 23 and 26°C. This behavior of the solubilized 
complex does not seem to correlate with the stability of the 
SecYEG complex in vivo, since protein export in vivo is active 
at temperatures as high as 37^-2°C and no SecY/SecE subunit 
exchange occurs [9]. Instead, protein export in vivo may in-
clude an intrinsically cold-sensitive step [32]. Pohlschröder et 
al. [20] reported that a number of secE mutations abolish 
SecE-SecY co-immunoprecipitation even when they affected 
protein export only slightly or negligibly. Although the 
present experimental system has the limitation just discussed, 
detection of co-elution positively indicates the existence of 
subunit interaction. We were able to obtain a SecY-SecG 
complex that did not contain SecE. This was made possible 
by using the sec Y24 mutant form of SecY. We were also able 
to obtain a SecY-SecE complex that did not contain SecG, 
using the secG deletion strain. These results clearly indicate 
that SecY is the central subunit of the translocase complex to 
which SecE and SecG bind independently. However, the pre-
incubation results suggest that the presence of all the three 
subunits is necessary for the maximum stability. 
The conclusion stated above is at variance with the conclu-
sion of Nishiyama et al. [22] who proposed that SecG primar-
ily binds to SecE. Although our results by no means exclude a 
SecG-SecE interaction, the SecG-dependent increase in accu-
mulation of a truncated SecE fragment [22] only indirectly 
suggests their mutual interaction. Our results (Fig. IB) suggest 
that SecE-SecG interaction, if any, is not sufficiently strong to 
survive the detergent extraction and the affinity isolation con-
ditions used in the present experiments. 
Although the SecY24 mutant protein is impaired in the 
SecY-SecE interaction, we believe that even this mutant pro-
tein is complexed with SecE in vivo at least at 30°C, since it is 
■ ■ \ — / 
Fig. 5. Thermal instability of the SecY-SecG association in deter-
gent-solubilized states. Cells of TYE280 carrying pTYE067 (His6-
SecY) were grown at 37°C in L-glucose medium and induced with 
1 mM IPTG and 1 mM cAMP for 40 min. A Triton X-100 extract 
of membrane was pre-incubated at the temperatures indicated for 
30 min, and subjected to Ni2+-NTA agarose fractionation 4°C. 
Only the first eluate fractions are shown. 
Fig. 6. Thermal stability of the SecY-SecE association in the ab-
sence of SecG. Cells of THE494 (AsecG AompT) carrying ρΤΥΕΟΠ 
(HiSß-SecE) were grown at 37°C in L-glucose medium. A Triton X-
100 extract of membrane was pre-incubated at the temperatures in-
dicated for 30 min, and subjected to Ni2+-NTA agarose fractiona-
tion at 4°C. Only the first eluate fractions are shown. 
functional and stable at this permissive temperature [19]. Fur-
thermore, the suppression of the temperature sensitivity by a 
proteolysis-defective mutation in ftsH suggests that even at 
42°C the SecY24 protein can function and, hence, can interact 
with SecE [12]. It is most likely that after solubilization in the 
detergent solution, the SecY24-SecE complex dissociates more 
readily than the wild-type complex. 
Although His6-SecY and SecY were separable in gel electro-
phoresis, we observed no detectable co-elution of the chromo-
somally encoded SecY with plasmid-encoded HiSß-SecY (Fig. 
2). Thus, a SecYEG trimer complex may contain only one 
molecule of SecY. However, we consistently observed that 
SecY tailed into the washate fraction (Fig. 2A, lane 3). This 
could represent a weak interaction of SecY with the His6-
SecY complex. Recently, Hanein et al. [33] observed, by elec-
tron microscopy, an oligomeric assembly of the Sec61 core 
complexes in yeast and dog pancreas. It will be tempting to 
study whether the SecYEG trimeric complexes can further 
oligomerize into a suprastructural unit. 
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